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SYNOPSIS 


The root systems of eight 18-year-old Pinus radiata trees were 
excavated from a stand on a pumice soil. Studies on the above- and 
below-ground parts of the trees showed that there was a good corre- 
lation between total root weight and branch weight. Current annual 
dry-matter production was in excess of 32,000 Ib/ac/year. Root grafting 
was common, and had kept alive most, if not all, of the root systems of 
trees felled during the first thinning nine years earlier. Roots have a 
higher P content but a lower N content than branches and twigs of 
similar diameter. 


Introduction 


In recent years agriculturists have succeeded in increasing the photo- 
synthetic efficiency of their crops by counteracting limiting factors such 
as nutrient and moisture deficiencies and by selecting strains capable 
of using a greater proportion of the available solar energy. Few plants, 
on an annual basis, use more than 5% of the energy available to them, 
so that it is not unreasonable to expect further increases in production. 

With increasing world demand for forest products, foresters too are 
seeking ways to increase yields. Tree breeding and selection programmes 
are under way in a number of countries. Among the conifers, Pinus 
radiata has a very high growth rate in several temperate countries in 
the Southern Hemisphere, and there is good reason to believe that its 
production can be increased still further. As a basis for future work 
with this and other species there is a need to know more about the 
pattern of growth in existing high-producing stands. 

Available evidence (yield tables, etc.) shows that the growth rate 
of P. radiata on the best sites in the forests of the central North Island, 
New Zealand, equals the best in other countries. When Orman and 
Will (1960) measured the concentrations of mineral nutrients in the 
different parts of 26-29-year-old trees, some estimates of the total and 
comparative weights of these and of dry matter were obtained. Later. 
further data from a young regeneration stand and a growth-rate study 
by Spurr (1962) were reported by Will (1964). Useful as these results 
were, they did not include any dry-matter measurements in a stand 
of top site quality or any measurements of root weight. 

This paper gives the dry weights of the above- and below-ground 
parts of a site quality I stand of P. radiata in Kaingaroa Forest, New 
Zealand. In addition, the pattern of root development in the local 
pumice soil was studied. 


Experimental Methods 


Compartment 1068, on the northern boundary of Kaingaroa Forest, 
was chosen for the study. The first-rotation stand was planted in 1946 
at 6 X 6ft spacing and thinned to 250-300 stems per acre in 1955. 
Plot R181 in this stand has a current annual increment of about 650 cu. ft. 
per acre per annum. [n 1964 a study area of 5ac was marked off to 
one side of the plot, and measurements showed that tree heights and 
diameters were similar to those in the permanent sample plot. 

Because of the work involved in felling surrounding trees and in 
excavating the root systems it was not possible to study randomly 
selected trees. A particular group of eight trees was chosen, as these 
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Fig. 1. Root systems excavation site, compartment 1068, Kaingaroa Forest. Two bulldozer cuts have left the stumps of the eight 
study trees on a central “island”. 


Fig. 2. Exposed surface root system of tree 1. 


trees were roughly in a straight line and had diameters covering the 
range in the stand. 

After felling and removal of the surrounding trees the eight study 
trees were felled and the following determinations made for each by 
field and laboratory measurements. 


. Diameter at breast height (4 ft 6 in.). 
Total height. 

. Visual assessment of crown vigour. 
Height to first green branch. 

. Height to first green whorl. 

. Total dry weight of foliage. 

. Total dry weight of twigs bearing foliage. 
Total dry weight of green branches. 

. Total dry weight of dead branches. 


When the above-ground parts of the trees had been measured and 
removed a trench was cut with a bulldozer on either side of the row 
of eight stumps (see fig. 1). The trenches were 12 ft wide and 12 ft deep 
and were at least 6ft from all stumps. Soil was loosened with garden 
forks and removed from the vertical faces of the “island” containing the 
eight stumps. The exposed root systems (see fig. 2 and 3) were then 
dismembered into (1) roots less than 1 in. in diameter, (2) roots more 
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than Jin. in diameter, and (3) stump. Green weights of the last two 
were measured and samples were taken for moisture-content estimations. 
As some fine roots were lost during the excavations, a separate study 
was undertaken to estimate the quantities of roots less than jin. in 
diameter. In this, 3 X 3 X 3 ft holes were dug at random in the stand 
and the roots were collected by sieving. 

The nutrient content of root samples was estimated by methods pre- 
viously described (Will, 1964). 


Fig. 3. Exposed root system of tree 3. 
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Results and Discussion 


The results of measurement on the above- and below-ground parts 
of the eight sample trees are given in tables 1 and 2. Included in table 2 
are estimates of the weights of branches removed by pruning. In these 
estimates, the height to which the trees had been pruned and the size 
of the lowest remaining branches were taken into consideration. As these 
figures are small in comparison with the total weight of branches, any 
errors are relatively unimportant. 

The weights of fine roots (less than in. diameter) from the 3 X 3 
X 3 ft holes are given in table 3. It was found that to reduce the probable 
limits of error below 10%, 28 samples were needed. The weights of 
larger roots are also given to illustrate the greater variability. It proved 
impracticable to measure the weight of fine roots occurring below a 
depth of 3ft, but visual observations showed that the great majority 
of roots of this size occur in the top I ft of soil. Omission of weights 
of fine roots found below 3ft will not greatly affect the following 
calculations, but will tend to keep them conservative. 


Total Dry-matter Production to Date 


The following estimate of the total dry-matter production of the stand 
to age 18 years was made from the figures in tables 2 and 3 (for data 
on the weights of roots and branches), from conservancy plot records 
(for present volume and volume removed in thinning), and from relevant 
data from previous papers (Orman and Will, 1960; Will, 1959). 


Present Standing Crop 


]b/ac 
Branches plus foliage 35,000 
Stump plus roots > iin. diameter 26.000 
Roots < iin. diameter 3,600 
Wood 182,000 
Bark 26.000 
272.600 
Other Production 
Litter "S T Eso xw 50,000 
Thinning and pruning: wood 33,500 
bark 3.000 
branches 15,000 
roots 10.000 
111.500 
384,100 


This gives an average production, in the 18 years since planting, of 
21,400 Ib/ac/year; but for at least the first three years the site would 
not be fully occupied, and after thinning there would be another period 
of incomplete site occupation. The life of the crop, then, would be equal 
to no more than 15 years' full occupation of the site. On this basis the 
average production is at least 25,6001b/ac/year. If roots are 
excluded, the figure is nearly 23,000 Ib/ac/year, compared with the 
18,000 Ib/ac/year found for a site quality II stand (Will, 1964). 
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Table 1: Crown, Height, and Diameter Data for Eight 18-year-old Trees, 
Compt. 1068, Kaingaroa Forest 


[^ Crown description sie brane Ee neis BAM, 
d Gao (ft) (fy 
1 Large, vigorous 37 40 96 16:9 
2 Very small, nearly dead ... 41 44 67 T4 
3 Large, vigorous 34 40 88 15:4 
4 Medium, vigorous 31 37 81 12:3 
5 Large, vigorous 31 42 82 14:9 
6 Small 38 42 76 9:0 
7 Small 45 48 75 8-4 
8 Small to medium 4l 46 82 101 


Current Dry-matter Production 

Spurr (1962) found that stands of P. radiata reach peak volume pro- 
duction between 15 and 20 years of age. The following is an estimate 
of current annual dry-matter production in this 18-year-old stand: 


]b/ac 
Wood (650 cu. ft. at 30 Ib/cu. ft.) 19,500 
Bark (!/; weight of wood — Orman and Will, 1960) 2,800 


Foliage plus pollen cones (equal to litter fall — Will, 1959) — 4,500 
Branches (should at least equal average production to date) 2,700 
Roots (should at least equal average production to date) 2.700 
32,200 
No allowance has been made for the weight of the fine roots that 
are produced and die back each year or of those below a depth of 
3ft; nor has the weight of female cones been estimated. If allowance 
had been made for these items, the total would probably have been 
in the range 35,000-40,000 Ib/ac/year previously estimated (Will, 1964) 
to be the production of site quality I stands of this age. 


Relationship of Total Root Weight to Branch Weight 


Because of the work involved in excavating tree root systems it 
would be most useful to establish a relationship between the weight of 
roots and that of the above-ground growth. With this in mind, root 
weights were plotted against total branch weights, including weight of 
foliage and estimated weights for branches removed by pruning (see 
fig. 4). A regression analysis of these results shows that: 

Root weight — 0:69 X branch weight 

The 95% confidence interval of root weight predicted in this manner 
is +0:07 branch weight. The fine roots with diameters of less than 
iin. are not included, but it seems reasonable to suppose that they 
would be proportional to the weight of larger roots. A linear relationship 
should then apply between the total root weight and the weight of 
branches plus foliage. Further work is needed to confirm that this 
relationship holds good for trees of different ages, and that there is 
the same or a similar relationship in stands on other soil types. 
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Table 2: Foliage, Branch, and Root Weights (lb) for Eight 18-year-old Trees, 


Compt. 1068, Kaingaroa Forest 


Foliage and branches 


Te Needles ‘Twigs ue 
1 116 22 165 
2 4 1 9 
3 116 22 197 
4 32 6 48 
3 40 8 124 
6 14 3 34 
7 2 4 14 
8 20 4 2 
umps 


Dead 
branches 


Pruned 
branches 


OR OO 2 — Q oc 


Roots 


Stump 


181 
23 
149 
52 
95 
38 
43 
38 


Total 


Stumps 
(root 
grafted) 


A 
B 


CD 


Table 3: Dry Weights of Roots from 3 X 3 X 3 ft Pits. Compartment 1068, 
Kaingaroa Forest, 1964 


一 一 


Biot Roots < jin. — Roots > å in. Plot Roos < iin. — Roots > E in. 
No. diameter diameter No. diameter diameter 
d (8) (a) (2) (8) 

1 231:7 15 237:3 92-4 
2 296:2 437 16 260-7 436:0 
3 2732 17 334-7 333-0 
4 4443 859:9 18 309-2 743 
3 291-0 19 499-2 32055 
6 3392 20 3887 7833 
7 267:6 21 324-6 211 
8 267:2 82:5 22 4173 241-0 
9 3436 23 2438 
10 499-4 24 395-6 1,855-3 
11 407:8 *2 25 378:1 79:4 
12 2037 37:3 26 247:2 57:7 
13 262:0 227:3 27 278-5 147-7 
14 468:3 141-6 28 339-5 208:3 
Average 330:0 


Root Grafts 


It has been known for some time that root grafting is common in 
P. radiata plantations. When the eight living stumps were excavated four 
stumps of trees felled during thinning were found to be still alive 
and connected to the living trees by root grafts. No dead stumps were 
found. When stands of Douglas fir (Pseudotsuga menziesii) in the same 
district are thinned, root grafting usually ensures that the stumps 
remain alive above ground and callus over. This had not happened with 
the P. radiata stumps: the portion above ground had decayed and, on 
the side away from the root grafted to a living tree, the decay had 
spread well below ground level. 

Besides the root grafts between living trees and stumps of felled trees, 
grafts were found between roots of pairs of living trees and between roots 
of the same tree. The root grafts associated with trees 2, 3, and 4 are 
shown in fig. 5. Grafts a-g were between roots of one of the two thinned 
stumps C and D and a living tree; grafts h, i, j, and k were between roots 
of two living trees or between a living tree and tree X or Y, which had 
been removed by the bulldozer and whose state is unknown. Grafts x, y, 
and z were between two roots of ihe same tree. It is interesting to note 
the multiple grafting between tree 4 and stump C at points a, b, c, d, 
and e. Fig. 6 shows these two stumps and three of the grafts. The 
root from stump C on which grafts d and e occurred tapered normally 
to joint e, but beyond this graft its diameter was more than doubled, 
indicating that its distal end had largely become a subsidiary of the root 
from tree 4. 


Nutrient Content of Roots 


During this study, composite samples of roots of several size classes 
were collected and analysed for nutrient content. The results are given 
in table 4. When these figures are compared with those for branch 
and stem material of similar sizes (Will, 1964) it seems that roots 
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Fig. 4. Relationship between root weight and branch weight for eight 18-year-old 
trees, compartment 1068, Kaingaroa Forest. 


contain more P but considerably less N. A similar higher level of P in 
roots was found for seedlings (Will, 1961). Levels of K are higher in 
twigs than in the fine roots, but similar in branches and in the larger 
roots. Ca levels increase from outer sapwood to heartwood (Orman and 
Will, 1960), but the results in table 4 do not show a similar build-up 
in roots. The smaller roots contain less Ca than twigs and branches 
of the same size, but Mg levels are similar. 
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Fig. 5. Sketch of roots of three of the study trees, showing root grafts between them and other stumps. 


Fig. 6. Root grafts between living tree 4 on right and stump of tree C removed 
in thinning nine years before. 


Table 4: Chemical Composition of Roots (56 o.d.wt.) 


Less than 1 in. diam. 022 O18 044 O14 0:13 
iin. in. diam. 011 009 028 013 O11 
iin.2in. diam. 0:15 008 028 0-10 0:09 
6in. diam. root: Bark 020 002 0075 027 0:06 
Outer wood 0:095 0-015 0:080 002 0:03 
Middle wood 0:070 0:007 0:044 0:01 0:02 
Inner wood 0065 0:006 0:033 0:01 0:03 


Pattern of Root Growth 


The soil at the study site is Te Rere sand (Vucetich et al., 1960). 
The present topsoil has developed on the last of a series of volcanic 
pumice-ash showers. Most layers in the profile are sands or silty sands, 
but there are two bands of gravel-sized pumice lapilli; one, a few 
inches thick, occurs about 12in. below the surface and the other, 
approximately 1 ft thick, occurs at a depth of 3 ft. 

Each tree had the greater part of its root system in the top 12-18 in. 
of soil; the distribution pattern for tree 1, shown in fig. 2, was typical. 
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In the first 6-9 ft from the stump the major surface roots tapered rapidly 
to a diameter of I in. or less. Thereafter root diameters often remained 
constant over lengths of many feet. 

Every tree had several tap roots extending downwards from the 
stump. These roots had obviously been impeded by the compact gravel 
layer at 3 ft, and there was a definite relationship between tree size and 
vigour and the number of roots that had passed through this layer. 
The larger trees had several roots which had penetrated to deeper 
layers and given rise to a system of fine roots extending to depths 
of at least 10-12 ft (see fig. 3). The smaller and less vigorous trees had 
few, if any, roots below the gravel layer. 


Conclusions 


This study showed that the excavation of entire root systems of adult 
P. radiata trees is a considerable task and only practicable with the help 
in the initial stages of mechanical equipment. Although time consuming, 
the separation of the root system from the surrounding pumice soil 
was relatively easy. The same would almost certainly be true of other 
sands and coarse-textured soils, but the separation of small roots from 
fine-textured soils could be much more difficult. 

Current dry-matter production in an 18-year-old site quality I stand 
in Kaingaroa Forest exceeds 32,000 Ib/ac/year and probably reaches the 
35,000—40,000 Ib/ac/year previously estimated. 

A. good correlation was found between root weight and total weight 
of branches including current foliage. A regression analysis showed 
that root weight — 0:69 X branch weight. If this or similar relation- 
ships could be shown to apply to stands of varied ages and to stands 
on other soils, studies of total dry-matter production would be greatly 
facilitated, since the need for root excavations would be largely avoided. 

Root grafts were common, and it would seem that at the time of 
thinning (age nine years) every tree had a graft to one or more of its 
neighbours. As a result, few if any of the stumps of trees removed in thin- 
ning had died. Tree size and vigour did not appear to be related to root 
grafts or to the number of root systems of felled trees "taken over". 
However, there was a definite relationship between tree size and the 
depth to which the major tap roots had extended; the small suppressed 
trees had few if any roots below the compact pumice-gravel layer found 
at a depth of 3 ft. 

Compared with twigs and branches of similar diameter, roots contain 
lower amounts of N and.K but more P. 
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